Alteration in gravitational load impacts homeorhetic response in rat dams which affects neonatal pup survival. However, the effects of hypergravity (HG) exposure on the abundance of apoptosis-associated proteins in mammary epithelial cells (MECs) have not been characterized. Therefore, we examined whether chronic exposure to HG from midpregnancy alters the abundance of proapoptotic proteins in MECs during the late pregnancy and early lactation. A group of pregnant Sprague Dawley rats were exposed to either HG (2g) or normo-gravity (1g: stationary control [SC]) from days 11 to 20 of gestation (G20). Another set of animals were investigated from day 11 of pregnancy through days 1 and 3 (P1 and P3, respectively) postpartum. Quantitative (pixels [px]/lobule) immunohistochemistry at G20 of Cleaved Caspase-3 (CC-3), Tumor Protein p53 (P53), and vitamin D receptor (VDR) revealed that all the three proteins were increased (p<0.01) in HG rats compared to SC animals. At P1, the HG group had twofold higher (p<0.001) expression of CC-3 relative to the SC group. Approximately, 50% (p<0.001) more VDR was detected in the HG cohorts than SC at P3. These results suggest that a shift in g-load upregulates the expression of key proapoptotic proteins during the pregnancy-to-lactation transition in the rat MECs.
INTRODUCTION
Cellular proliferation and apoptosis are evolutionary conserved mechanisms vital for coordinating growth at both organ and tissue levels. Critically, the coordinated regulation of cell proliferation and apoptosis is pivotal to preserving organismal homeostasis (Liebermann et al., 1995; Streichan et al., 2014) . Therefore, any dysregulation in cellular turnover kinetics impacts organ differentiation and function and sequentially predisposes these organs/organ systems to pathology or failure (Davis and Ryan, 1998; Edelblum et al., 2006; Goilav, 2011; Werneck-Silva et al., 2006) . For example, decreased apoptotic rates play a critical role in carcinogenesis, treatment response, and resistance development (Housman et al., 2014; Mattern and Volm, 2004) . However, increased apoptotic rates are known to precipitate an array of neurodegenerative and autoimmune diseases (Kermer et al., 2004; Mattson, 2000) . Similarly, the intricate synchronization of programmed cell death is pivotal in regulating key reproductive processes from ovulation to implantation (Boeddeker and Hess, 2015; Harada et al., 2004; Shikone et al., 1997) . It is well established that there is an extensive turnover of the secretory cells in the mammary gland during lactogenesis and the milk output is directly correlated with the number of functional cells (Capuco and Ellis, 2013; Capuco et al., 2001; Knight and Peaker, 1982a; Li et al., 1999) . Consequently, an imbalance in the cell turnover rate in the mammary gland during a lactation cycle directly impacts milk production and overall yield (Capuco and Ellis, 2013; Capuco et al., 2001; Knight and Peaker, 1982a; Li et al., 1999) . However, the most significant growth and differentiation of the secretory lobuloalveolar units as well as the ductal system takes place during pregnancy (Oakes et al., 2006) . Human exploration of the lower orbit over the past five decades has revealed an array of physiological perturbations triggered by changes in the inertial environment. The physiological aberrations range from reduced trabecular architecture of cancellous bones (Grimm et al., 2016; Sibonga, 2013) to postflight orthostatic intolerance (Blaber et al., 2013) . These documented physiological differences are evidently stemming from aberrations induced at the cellular/molecular level by these g-load shifts. In addition, research has shown that changes in inertial force lead to dysregulation of the cellular proliferation and apoptosis equilibrium (Blaber et al., 2013; Hauschild et al., 2014; Maier et al., 2015b) . Although, the myriad of physiological effects has been known for decades, remarkable increase in knowledge on the consequences of g-load shift at cellular and group. Real-time videography was used to record the dams' labor and delivery. HG and SC dams were euthanized at the designated experimental time points (G20; P1; P3) prior to mammary gland tissue collection.
Immunohistochemistry
The procedures for specimen preparation, immunohistochemistry optimization, and antibody validation are same as detailed in our recent study (Alula et al., 2018) . Briefly, we used Ventana's automated staining system (Discovery XT; Ventana Medical Systems, Tucson, AZ) to process and stain the slides. The primary antibodies utilized were mouse monoclonal anti-p53 (CS2524; Cell signaling Technology, Danvers, MA), rabbit polyclonal anti-CC-3 (CS9661; Cell signaling Technology, Danvers, MA), and rabbit polyclonal anti-VDR (SC-1009, Santa Cruz Biotechnology, Santa Cruz, CA). Bound antibodies were visualized using anti-mouse/anti-rabbit multimers (horseradish peroxidase [diaminobenzidine], alkaline phosphatase [liquid permanent red]; Ventana Medical Systems, Tucson, AZ). Each slide was counterstained with hematoxylin.
Imaging and Antigen Quantification
The same approach detailed recently (Alula et al., 2018) was utilized to acquire digital micrographs from each group using a Brightfield (Nikon Eclipse 80i, Nikon Corporation, Japan) microscope. Thereafter, the signal intensities of CC-3, p53, and VDR were quantified employing the CRi Nuance Multispectral Imaging System (Caliper Life Sciences, MA) as described (Fiore et al., 2012; Huang et al., 2013) . The ability of the Nuance spectral library to unmix (n=3-7 lobules/ micrograph; 4 micrographs/slide) the target antigen from the counterstain within the area of interest (lobule) permitted the quantification of signal intensity per unit of DNA staining (pixels [px]) as shown in Figure 1 .
Statistical Analysis
Statistical analyses within (HG and SC: G20 vs P1; G20 vs P3; P1 vs P3 stages) a group and between (HG vs SC within G20; P1; P3) groups were done using Student's t-test (GraphPad Prism ® 6.07). Data are expressed as mean ± standard error of the mean (SEM), and p<0.05 was considered as significant (levels of statistical significance are denoted by asterisks in the graphs).
RESULTS
In this study, we characterized the temporal expression profiles of CC-3, p53, and VDR proteins across the physiological stages of pregnancy and lactation under increased g-load. Broadly, the alteration of g-load influences the abundance of molecular levels utilizing model organisms holds promise to understand an array of physiological perturbations and aid in the development of effective countermeasure to pave the way for human exploration beyond the lower earth orbit. Our previous studies on hypergravity (HG)-exposed pregnant rodents revealed increased neonatal mortality and decreased lipogenesis in the mammary gland (Casey et al., 2012; Patel et al., 2008) . In addition, we found that genes encoding rate-limiting metabolic enzymes were downregulated in the mammary gland (Patel et al., 2007; Patel et al., 2008) . Later, our transcriptome studies of animals exposed to both hypoand hyper-gravity showed that changes in the inertial force affected steady-state expression of transcripts regulating circadian rhythm, post-synthetic DNA modification, and cellular mechano-transduction (Casey et al., 2015) . Our recent investigation employing spectral-based quantitative immunohistochemistry demonstrated that the composition of cytoskeletal proteins in the pregnant and lactating mammary glands was altered with the g-load shift (Alula et al., 2018). However, there are no data on the effects of altered gravity on the expression dynamics of proapoptotic proteins during the pregnancy-to-lactation transition in a mammary gland of an experimental animal model. Therefore, in the present investigation, we extended our preceding study to quantify the temporal distribution of apoptosis-related proteins, namely Cleaved Caspase-3 (CC-3), Tumor Protein p53 (p53), and vitamin D receptor (VDR) in the mammary tissue harvested from rats exposed to HG during the periparturient period employing quantitative immunohistochemistry.
METHODS

Animals and Treatment Condition
The research approval, experimental setup, and specimen collection from the animals are detailed in our previous studies (Alula et al., 2018) . Briefly, 24 time-bred weightmatched Sprague Dawley rats were randomly assigned to either experimental (n=12) or control (n=12) conditions. Next, the experimental (HG) rats were allocated into the following three groups (n=4 per group): group 1 animals were monitored on the NASA Ames Research Center's 24-ft centrifuge (2g) from days 11 to 20 of pregnancy (G20), group 2 rats were monitored on the centrifuge from day 11 of pregnancy to postpartum (lactation) day 1 (P1), and group 3 experienced the 2g force from day 11 of pregnancy to postpartum day 3 (P3). The corresponding (G20; P1; P3) stationary control (SC) groups (n=4 per group) were exposed to 1g for the same duration of time as their experimental counterparts while maintained under the same environmental conditions (light, sound, temperature, and humidity) as the experimental
Effect of HG on Temporal Distribution of VDR Protein
The time-trend quantitative profile of mammary gland lobular VDR in SC and HG rats is depicted in Figure 2e and f. VDR protein concentration declined by about 50% (p<0.001) in SC animals during the transition from G20 (3.6±0.24 px) to P1 (1.8±0.05 px). Subsequently, the VDR levels increased approximately fivefold (p<0.001) at P3 (10.8±0.52 px) versus P1 levels in the SC group ( Fig. 2e ). On the other hand, the HG-G20 (7.03±0.28 px) rats had about 300% (p<0.001) more VDR expressed than their P1 (2.09±0.11 px) counterparts. Thereafter, the quantity of VDR protein surged by about eightfold (p<0.001) in this group at P3 (16.2±1.45 px), compared to their P1 levels ( Fig. 2e ). Time-related comparisons between treatment groups showed that the HG rats expressed almost twofold more VDR protein at G20 (p<0.001) and about 50% higher at P3 (p<0.001) in relation to the corresponding SC cohorts (Fig. 2f ).
DISCUSSION
The biological phenomenon of apoptosis is indispensable for organ sculpting and tissue homeostasis. Therefore, any alteration to the intricate signaling pathway of a physiologically regulated death process likely triggers a variation in organ function and organismal physiological equilibrium (Liebermann et al., 1995; Streichan et al., 2014) . Several earlier studies have already shown the impact of altered gravity on an array of apoptotic signals (Blaber et al., 2013; Grimm et al., 2016; Hauschild et al., 2014; Maier et al., 2015a; Sibonga, 2013) . However, to our knowledge, there is no description of an effect of g-load shift on the quantitative abundance of key apoptotic effectors in a unique organ that markedly expands and functionally differentiates during the key postnatal stages of pregnancy and lactation in mammals. these proapoptotic proteins during the pregnancy-to-lactation transition in the mammary gland.
Effect of HG on Temporal Distribution of CC-3 Protein
The time-related quantitative mammary gland lobular expression of CC-3 antigen in both groups of animals is shown in Figure 2a and b. In the SC group, the abundance of CC-3 at P1 (0.038±0.003 px) decreased by about 20% (p<0.05) compared to G20 (0.050±0.003 px) accumulation ( Fig. 2a ). However, at P3 (0.056±0.003 px), the amount of CC-3 in the SC rats had increased to parallel the concentrations detected at G20. On the contrary, no difference was detected in CC-3 levels between G20 (0.079±0.003 px) and P1 (0.081±0.004 px) in the HG-exposed animals ( Fig. 2a ). Thereafter, there was an approximately 30% (p<0.001) drop in CC-3 accumulation in the HG group at P3 (0.055±0.005 px). Stage-related comparisons between the SC and HG groups showed that the HG rats expressed about 40% more (p<0.001) CC-3 proteins at G20 and P1 stages compared to their corresponding SC animals (Fig. 2b) .
Effect of HG on Temporal Distribution of Tumor Protein p53
The comparative stage-specific mammary gland lobular quantitative profiles of p53 protein between SC and HG animals are demonstrated in Figure 2c and d. A 20% (p<0.001) reduction in p53 expression levels during the transition from G20 (2.19±0.070 px) to P1 (1.72±0.069 px) was observed in the SC group. Thereafter, the p53 amounts increased (p<0.001) by over twofolds (4.04±0.11 px) at P3 compared to P1 concentrations in SC rats (Fig. 2c) . The time-related p53 abundance in the HG group paralleled that of SC cohorts, except the HG (2.45±0.05 px) rats that had a higher (p<0.05) level of p53 at G20 versus SC animals (Fig. 2d) . Quantitative comparison of mammary gland lobular CC-3 (a: within groups; b: between groups), P53 (c: within groups; d: between groups), and VDR (e: within groups; f: between groups) proteins measured in SC and HG-exposed rats following unmixing of chromophores using the CRi Nuance Multispectral Imaging System at G20, P1, and P3. Data are shown as mean ± SEM; * significantly different within and between each group (*p<0.05; **p<0.005; ***p<0.001; ****p<0.0001). G20, day 20 of gestation; HG, hypergravity; P1, postpartum day 1; P3, postpartum day 3; P53, tumor protein p53; SC, stationary control; SEM, standard error of the mean; VDR, vitamin D receptor. temporal pattern of p53 expression between control and HG rats following the onset of lactogenesis II (P1 and P3; Fig. 2d ). Our findings of no disparity during early postpartum period could be associated with the limited degree of cell proliferation during the transition of the gland from nonsecretory to secretory state (Knight et al., 1984; Knight and Peaker, 1982b; Lamote et al., 2004) . On the other hand, over fivefold increase in p53 expression was detected under simulated microgravity conditions in cells that are known to replicate rapidly (Lin et al., 2016; Meng et al., 2011) . A recent study reported an upregulation of p53 in human fibroblasts following 3 h of culture at the International Space Station (Lu et al., 2017) . Interestingly, identical trend of increased p53 accumulation in cancer cells under HG conditions was documented over a decade ago (Okaichi et al., 2002) . Other studies (Ohnishi et al., 1996; Ohnishi et al., 1999) also demonstrated comparable findings of elevated p53 levels in the skin and muscle tissue of rodents flown in space as well as cohorts exposed to altered gravity using ground-based modules. VDR regulates mammary gland development from puberty to lactogenesis, including during involution (Johnson et al., 2014) . It intricately controls proliferation, apoptosis, and differentiation of mammary gland cells (Ching et al., 2011) . Epithelial hyperplasia, impaired involution of the mammary gland, and increased susceptibility to carcinogenesis have been observed in VDR null mice due to defects in the apoptotic circuitry (Zinser and Welsh, 2004b ). In addition, structural studies have established that VDR binds to the VDR response element in the promoter region and stimulates antiproliferative and proapoptotic intracellular pathways (Colston et al., 1981; Koike et al., 1997; Peehl et al., 1994) . Therefore, a decline in VDR in a developing mammary gland accelerates glandular growth and reduces apoptosis leading to atypical alveologenesis (Zinser et al., 2005; Zinser and Welsh, 2004a) . Our temporal profile of VDR antigen across the pregnancy-to-lactation transition in the control group is comparable to the VDR mRNA steady-state pattern identified for this stage (Zinser and Welsh, 2004a) . However, to the best of our knowledge, this study is the first to describe the impact of g-load shift on the mammary gland temporal pattern of VDR during the pregnancy-to-lactation transition using a rodent model. We found over twofold overexpression of VDR during pregnancy and above 50% more VDR levels during lactation in rats exposed to altered gravity. Similar alterations in VDR expression are described in femurs harvested from a hind-limb unloading experiment (Xin et al., 2015) and in bone and renal cells exposed to microgravity (Hammond et al., 2000; Narayanan et al., 2002; Xin et al., 2015) . Furthermore, a correlation between osteoporosis and polymorphism of VDR genes has been identified in cosmonauts returning to earth after an extended stay on the orbital stations (Oganov et al., 2010) . Interestingly, over the past decades, significant
The Caspase family of cysteine proteases plays a crucial role in the downstream signaling and execution of the cell death pathway (Barman et al., 2018; Zimmermann et al., 2001) . Among the Caspases, CC-3 is regarded as the primary mediator of the apoptotic machinery (Barman et al., 2018; Zimmermann et al., 2001) . Moreover, there is a strong correlation between CC-3 immunostaining intensity and cellular apoptosis (Arai et al., 2005; Bressenot et al., 2009 ). In addition, it is known that CC-3 mutant mice develop hyperplastic tissue due to the lack of apoptosis and succumb to death perinatally (Zheng et al., 1999) . Consequently, we determined the abundance of CC-3 in this study and our results demonstrate that CC-3 is overexpressed (p<0.001) during mammogenesis and lactogenesis in the mammary gland of HG animals (Fig.  2b) . In addition, our findings further reveal that a g-load shift modifies the temporal expression pattern of CC-3 in the mammary gland across the pregnancy-to-lactation continuum. Our findings are consistent with previous studies that have shown an upregulation in CC-3 expression across a variety of proliferating cells exposed to altered gravity (Hosoyama et al., 2017; Maier et al., 2015a; Meng et al., 2011; Uva et al., 2002; Wehland et al., 2013; Zanello et al., 2013) . Moreover, time variable experiments utilizing in vitro models report detecting significant active cell death within a short period of exposure to simulated microgravity (Bhat et al., 2001; Meng et al., 2011; Sarkar et al., 2000; Uva et al., 2002; Yang et al., 2002) . In contrast, CC-3 levels are markedly downregulated in diverse types of cancer from hematopoietic to gynecological compared to normal tissue (Estrov et al., 1998; Izban et al., 1999; Winter et al., 2001) . In addition, investigators have suggested that the abundance of CC-3 aids in predicting the clinical outcome, as well as patient prognosis in a select number of neoplasia (Hu et al., 2014; Huang et al., 2017; Pu et al., 2017) . Altogether, these differences indicate the importance of distinctive and delicate spatiotemporal balance of CC-3 expression within tissues to orchestrate and manage active cell death while maintaining homeostasis in an organism. P53 is recognized as a custodian of a cell for its ability to recognize the irreversible DNA defects induced by physicochemical stress and synchronously limiting the regeneration of these cells through affecting apoptosis (Oren, 1999) . Accordingly, its expression is tightly regulated during cellular stress, including environmental, leading to a rapid induction, stabilization, and termination of p53's elicited intracellular antiproliferative transcriptional machinery (Oren, 1999) . Earlier studies found an exponential increase in cell population and limited apoptosis in the mammary gland during the mammogenesis stage (Knight and Peaker, 1982a) . However, our findings show that a significant upregulation of p53 occurred in the HG cohorts during this vital stage of mammary lobuloalveolar morphogenesis and functional differentiation (Fig. 2d ). Noticeably, there was no difference detected in the ACKNOWLEDGMENTS A debt of gratitude is owed to Dr. Karen Plaut (Purdue University) and her collaborators for sharing tissue collected through their NASA grant NNA05CP91A. Appreciation is also extended to Bree Berghuis, Kristen Feenstra, and Eric Hudson of Van Andel Institute for their expert help with immunohistochemistry and image analysis. effort has been devoted to assessing the role of VDR in g-load-induced osteoporosis of the weight-bearing bones and development of an effective countermeasure (Kouhnavard et al., 2014; Smith and Heer, 2002; Smith et al., 1999; Smith et al., 2005; Tian et al., 2017) . However, our results suggest that other organ systems that are VDR dependent for functional differentiation and maturation may also be correspondingly affected with g-load shift. Prolactin (PRL), in synergy, with glucocorticoids is indispensable for structural development and functional differentiation of the mammary gland (Knight & Peaker, 1982b , Capuco & Ellis, 2013 . Previous g-load studies associated perturbations in PRL concentration with the mammary metabolic phenotype (Megory and Oyama, 1984; Megory and Oyama, 1985) . However, in our earlier studies, we neither found a correlation between g-load and the differentially regulated PRL receptor isoforms nor was PRL or glucocorticoid supplementation able to alleviate the HG-induced metabolic deficit (Patel et al., 2007; Patel et al., 2008) . In effect, the PRL and glucocorticoid treatments further exacerbated the downregulation of cognate receptors in the mammary gland of HG-exposed animals (Patel et al., 2008) . Based on our preceding findings, we did not quantify the PRL receptor isoforms or the glucocorticoid receptor in the present study. However, other studies have shown an association between PRL expression and loss of p53 in breast cancer mouse model, along with PRL preventing nuclear translocation of VDR in osteosarcoma cells (Deng et al., 2009 ). To date, there is no documentation in the literature of any correlation between PRL or glucocorticoids and CC-3 expression. Taken together, further studies are warranted to investigate the association between mammogenic and lactogenic hormones and the spatiotemporal distribution of proapoptotic proteins during the structural development and functional differentiation of the rat mammary gland.
To conclude, we have demonstrated that utilizing immunolocalization and spectral quantification of the key apoptotic proteins, CC-3, p53, and VDR, is upregulated in the mammary gland of rats exposed to HG during the pregnancy-tolactation transition. Our temporal apoptotic signature strongly supports the notion that the increased programmed cell death during mammogenesis and lactogenesis in rats exposed to altered gravity diminishes the overall population of secretory mammary cells leading to insufficient milk production by the dam and higher neonatal mortality. The current study adds to our earlier findings on the effect of altered g-load on the key metabolic organs and reproductive systems. Further work is needed to methodically dissect the extrinsic and intrinsic apoptotic molecular circuitry induced by the change in gravity vector on a developing mammary gland. The identification of g-load-associated apoptotic signature during mammogenesis and lactogenesis could then be utilized to develop effective countermeasures. 
